rills is reduced as a first-order function of the amount of sediment
to the mechanics of rill erosion have shown that rates load in the flow. The first objective of this study was to determine if experimental results confirmed current detachment-transport couof soil detachment are inversely dependent upon the pling theory. The second objective was to investigate two hypothesized magnitude of the sediment load at a given time and mechanisms responsible for any coupling effect observed: The first location on the soil surface (Meyer and Monke, 1965;  mechanism was that since turbulence is known to be a critical factor Rice and Wilson, 1990; and Cochrane and Flanagan, in detachment by flow, and since it is also known that sediment in 1996). The theoretical basis for this effect has been diswater reduces turbulent intensity, it was suggested that sediment in cussed by Foster and Meyer (1972) and Hairsine and flow reduces detachment via a correspondent reduction in turbulent Rose (1992a Rose ( , 1992b .
intensities. This hypothesis was tested indirectly by adding a sediment Foster and Meyer (1972) (later presented in more load that was carried entirely in the suspended state. The second detail by Foster, 1982) support the hypothesis that the mechanism was that sediment covering the soil bed during the erosion flow possesses finite energy, which may be expended process shields the soil from the forces of flow, thus reducing detachment. This hypothesis was tested by introducing bed-load sediment.
either to detach soil particles from the bulk soil mass Sediment loads exiting the rill and detachment and deposition along or to transport previously detached sediments. Within the rill were measured. Detachment was reduced and deposition inthis framework, it might be considered that the energy creased as a linear function of the amount of sediment introduced into required to sustain movement of the sediment in transit, the flow. Results indicated that, in general, detachment did decrease as well as to initiate movement of previously detached according to current theory, but discrepancies in the erosional patterns sediment particles resting on the bottom of the bed, is were observed, which none of the current models explain. Both hyless than the energy necessary to detach new sediments pothesized mechanisms of reduction in detachment rates were apparfrom the soil mass. In this way, the energy is preferenently active in reducing detachment rates, though the shielding mechatially used for those processes related to the continuanism appeared to have a greater impact than did the mechanism tion of movement of the sediments. Any excess energy associated with a reduction in turbulent intensity.
could then be available for detachment.
In the conceptual model of Foster and Meyer (1972) energy is that of Hairsine and Rose (1992a, 1992b) . In this model, Hairsine and Rose propose that flow energy, the rill slope and width, and the impact of the changing bed morphology on hydraulics of flow (Nearing et al., 1997) . The results of this model were tested using the same soil (in a different experimental setup) as is used in the current study. The results of Lei et al.'s (1998) model indicated that the erosion process in the rill can be somewhat more complex than described by the earlier models.
Turbulence is a critical component of soil erosion in rills. While typical soil tensile strength are of the order of kilopascals, even for unconsolidated soils (Nearing et al., 1991) , typical average shear stresses of flow are only of the order of pascals. Soil detachment occurs only because localized events of high-intensity turbulence known as "bursting" produce large fluctuations in shown that without turbulence, detachment of soil by flow does not occur (Nearing and Parker, 1994) . The represented by the stream power of the flow (⍀), is presence of a high concentration of sediment in runoff used by four processes (i) to overcome the threshold has a considerable effect on the velocity profile and of entrainment of the cohesive medium to initiate the turbulence structure. The presence of fine sediment, process of detachment, (ii) entrainment (detachment) which is primarily moved in suspension, reduces the of soil from the bed, (iii) entrainment of previously intensity of the turbulence (Einstein and Ning Chien, detached sediments that are found on the bottom of the 1955; Vanoni and Namicos, 1960; Wang and Larson, stream bed, and (iv) dissipation of energy as heat and 1994). Given this, it would be reasonable to hypothesize noise. Hairsine and Rose's model also puts forth the that a reason for reduction in the rate of detachment proposition that continuous deposition causes sediwith increased sediment load may be due to a reduction ments to be deposited over the stream bed, which crein turbulent intensities imparted to the soil bed when ates a layer that protects the bottom of the bed from sediment is in the flow. erosive forces.
The objectives of this study were twofold. The first Both models for soil erosion by flow (Foster and objective was to measure the effect of increasing sedi- Meyer, 1972; Hairsine and Rose, 1992b) produce results ment load in the flow of a confined rill on the spatial, that are somewhat similar in terms of soil detachment downslope distribution of detachment and deposition and sediment load as a function of downslope distance under conditions of constant flow rate of water and in a rill. Both are essentially first-order models. Given constant slope. This enabled us to evaluate the utility the simple case of constant slope and discharge with of the first-order relationships suggested in the models downslope distance, the models will predict an exponenof Foster and Meyer (1972) and of Hairsine and Rose tially decaying rate of detachment with distance as sedi-(1992a, 1992b) . The second objective was to investigate ment load increases. Sediment load will approach an the mechanism responsible for the process whereby soil equilibrium concentration representing a transport limdetachment rate decreases when sediment load is presiting state (Fig. 1 ). In the case of the Foster and Meyer ent. This was done by introducing bed load-size sedimodel, this state is interpreted as the condition when all ment in one case and suspended load-size sediment available flow energy is being used to transport sediment in the second case, and again investigating the spatial, and no energy remains to detach new sediment particles downslope distribution of detachment and deposition from the soil mass. In the case of the Hairsine and under conditions of constant flow rate of water and conRose scenario, the soil bed has reached a state of high stant slope. sediment cover and is well-protected, and the instantaneous rate of sediment deposition equals the instanta-MATERIALS AND METHODS neous rate of sediment entrainment. Both the Foster A sediment feeder was mounted to the upper end of the were corrected based on an equation suggested by Li et al. (1996) , who, due to the difficulty in determining the centroid canal to inject a specified amount of sediment into the flow before the runoff reached the soil in the boxes. The material of tracer plumes, proposed a correction factor for leading edge velocity defined by the following equation: used as sediment in the first experiment was the same soil (Cecil) used as the bed material, while the second experiment ␣ ϭ 0.251 -0.327 logS ϩ 0.114 logRe [1] used two sizes of uniform glass beads equivalent to coarse silt (39 m) and coarse sand (510 m). where S (m m Ϫ1 ) is the slope and Re is the Reynolds number. The treatments for the two experiments are listed in Table  Once the trial had run, the supply of water and sediment 1. The experimental plan within each of the two experiments was stopped. This interval of time was considered the period was conducted in random order and each treatment was repliof steady flow (Table 1) , while the total time for the trial is cated three times. measured until the moment there is no more flow from the After connecting the boxes, which together formed a usable end of the canal. To determine the concentration of sediments rectangular length below the sediment input feeder of 7.6 m in the flow, the bottles of flow collected during the experiment long, dry soil was placed in each box in quantities correspondwere later weighed, alum was added to induce flocculation, ing to the box size: 1166 g in the 0.25-m-long boxes, 2333 g and the bottles were left to settle overnight. The following in the 0.50-m-long boxes, and 4666 g in the 1.00-m-long boxes.
day, the water in the jars was poured off and the remainder The surface of the soil was leveled and lightly packed, forming was dried in an oven at 105ЊC for approximately 48 h. The a layer of soil 4 cm deep, with a bulk density of approximately sediment load was calculated as the product of the flow rate 1.17 Mg m Ϫ3 . After preparing the boxes, the flume that conand the concentration of sediments. tained the boxes was leveled and then filled with water until After the run, the boxes of the canal were separated and the water level was even with the soil surface in the boxes.
placed in an oven to dry at 60ЊC for about 4 d, until their The bottoms of the boxes were perforated to allow the free weight remained constant. To determine the correct time to flow of water into the boxes during satiation and free drainage remove the boxes from the oven, an additional box of 0.1 by when the experiment was run. The time allowed for satiation 0.1 by 1.0 m was prepared in the same way as the others and in all the trials was 1 d. then set aside. After the trial was run, this additional box was Thirty minutes before beginning the trial, the water in the placed with the others in the oven and allowed to dry until it canal was drained and the slope was adjusted. Bed slope was reached the same weight it had before inundation, at which set to 5%. Target inflow rate of water was 0.122 L s
Ϫ1
. Water point all the boxes were removed. The boxes were then temperature was 20ЊC Ϯ 1ЊC in every experimental run except weighed so that the rates of detachment and deposition along for Replication 1 for the coarse beads treatment of 0.8 g s Ϫ1 , the length of the canal could be determined by subtracting when the water temperature was measured at 18ЊC. After the difference in weight from before and after the trial was calibrating the flow rate and solid-load input rate, the trial was run and considering the total time of the trial. begun with the simultaneous addition of water and sediment.
A portion of the sediment eroded from the flume was not During the trial, samples of flow were collected continuously collected in jars, but was deposited in a bucket. This material in bottles at the end of the canal. The velocity of the runoff was used to determine particle size of the sediment. The sediment was sorted using the following process: using a gentle was determined at the same time as the samples were collected using fluorescent dye over a distance of 4 m in the canal flow of water, the wet sediment that was collected in the bucket after the trial had run its course was passed through between the points of 0.60 and 4.60 m. The velocity values between the time the water source was turned off and the time the water stopped flowing off the soil bed. If
RESULTS AND DISCUSSION
we use the runoff rates for water and sediment and the Outflow rates and time of both Exp. 1 and 2 are time of the recession limb, and if we assume that 100% reported in Table 1 . The velocity of flow was not statistiof the sediment that was in the flow when the water cally different (␣ ϭ 0.05) between any of the treatments.
was turned off deposited before reaching the end, we Average measured flow velocity was 0.22 m s Ϫ1 . Erosion obtain an upper-bound estimate for the amount of the results are reported in Table 2 , and the results of the deposition that might be attributed to the recession limb sieve analyses on the sediment are reported in Table 3. effect. Using average values for runoff rates and times, this upper bound was calculated to be 235 g. Clearly,
Experiment 1: Soil Used
the receding limb effect cannot explain the majority of as Sediment Input Material the deposition observed in these experiments ( Table 2 ). The result of net deposition observed on portions of In each experimental test, a portion of the rill bed experienced net detachment and a portion experienced the initially uniform-sloped soil beds for each test is of average sediment load as a function of downslope consistent with neither the Foster and Meyer (1972) distance (Fig. 3 ). It appears that there is some type of model nor the Hairsine and Rose (1992a, 1992b) model.
"overshooting" in terms of sediment load that took For the case of constant slope and no lateral inflow of place. In other words, the sediment load increased to a sediment along the rill (either from interrill erosion certain point and then began to decline again to its final or sidewall sloughing), these models would predict net value at the end of the flume. Obviously, we do not detachment with a gradual approach to zero detachment have information on what the pattern might look like rate along the length of the rill. The same holds true if it were to be continued further in distance. In the for the model of Lei et al. (1998) for the application experiments reported by Lei et al. (1998) , an oscillatory of the appropriate case, which is "time invariant and pattern of alternating detachment and deposition was spatially uniform flow widths and time variant and spaobserved in the flume, but in that case the result was tially non-uniform slopes." In the model of Lei et al. attributed to the alternating widening and narrowing of (1998), deposition along an initially uniform bed slope the rill width. This interpretation was supported by the did occur for the case where the rill in the model compuresults of the simulation studies. The observation of the tations was allowed to widen and narrow in response "overshoot" phenomenon in the rill sediment load was to the processes of detachment and deposition, but not also reported from field studies by Huang et al. (1996) for the case in the model runs where width of flow was when the sediment regime shifted from a detachment held constant. Rill widening induces a shallower flow to a transport-limiting situation. However, in the current and a correspondent reduction in flow transport capacexperimental results reported here, the rill was not ality, which can trigger a mode of net deposition, shallowed to vary in width because of the fixed borders on lower and wider flow, etc. The metal sidewalls of the the channel, yet we still observed the same overshoot canal used in the current experiment, however, prephenomenon. Thus the variation in flow hydraulics vented changes in the rill width.
caused by changes in rill width and associated changes Incremental increases in sediment inflow for Exp. 1 in flow depth and bed stresses are apparently not the using the soil material as inflow sediment caused incresole reason for this overshoot phenomenon. The overmental changes in the pattern of erosion in the rill as shoot phenomenon may be, and probably must be, reexpected (Fig. 2) . For the case of clear water and the two lated to the flow hydraulics, but width variations are lower sediment input rates, total detachment exceeded not the sole cause. total deposition in the rill; for the two higher sediment Results shown in Fig. 2 and 3 are generally consistent input rates, total deposition exceeded total detachment in form with the first-order models suggested by Foster in the rill (Table 2 ). It is interesting that even for the and Meyer (1972) and by Hairsine and Rose (1992a, two cases where sediment input levels exceeded the 1992b). In the initial length of the flume, detachment transporting capacity of the flow, that is, for the sedirate decays exponentially from an initial value that dement input rates of 6.13 and 7.49 g s
Ϫ1
, net detachment pends on the input rate of sediment (Fig. 2) . Calculated was observed in the upper end of the flume. This result sediment load initially increases in a manner suggested is in a sense complementary to the observation that all by Fig. 1 for the first-order model (Fig. 3) . However, it treatments experienced areas of net deposition in the is also clear from an examination of the measured data flume: all treatments also experienced areas of net decompared to the theoretical curves that the current modtachment, even in the case where deposition was preels cannot explain the true patterns of observed detachdominant overall.
This phenomenon is seen more clearly in the graph ment and deposition along the rill bed. The current data would suggest that an element may be missing in our of clear water (Table 2) . For the lower input rates of sediment, the coarse and fine beads acted similarly (Tacurrent mathematical descriptions of the erosion process that prevents a totally accurate estimation of the ble 2; Fig. 6a ). However, for the higher level of sediment input rates, the coarse beads treatment did have signifidownslope distribution of erosion along the hillslope.
Overall, there was no trend for sediment load or sedicantly less (␣ ϭ 0.05) total detachment than did the fine beads treatment. This occurred despite the fact that the ment concentration as a function of sediment input rates for Exp. 1. The regression lines for those two cases inflow rate of coarse beads was slightly less (3.1 g s Ϫ1 ) than for the fine beads (3.3 g s Ϫ1 ). The pattern of detachwere not significantly different from zero. The total soil detachment amount and the total sediment deposition ment was also different for the coarse vs. the fine beads at the higher input rate (Fig. 6b) . While the detachment amounts were both linear functions of the sediment input rates, with measured detachment decreasing (Fig. rate was lower in the upper end of the flume for the case of the fine beads compared with the coarse beads, 4) and measured deposition increasing (Fig. 5) as the input load increased.
the detachment rate remained relatively constant for approximately 2 m before it began to decline in the case Experiment 2: Uniform Glass Beads Used of the fine beads.
as Sediment Input Material Bed-Load and Suspended-Load Classifications
In general terms, the results for Exp. 2 where uniform glass beads were used as sediment input material were
To determine the mode of transport of the sediment collected at the end of the canal, a relation proposed similar to the results for Exp. 1. All treatments resulted in areas on the rill of both net detachment and net by Raudkivi (1990) was used. The mode of transport was estimated by the relationship between velocity of deposition, and the total detachment was reduced and total deposition was increased relative to the treatment sedimentation (w) (m s Ϫ1 ) and the shear velocity on the bottom (u * ) (gR h s 1/2 ), according to the following was picked up along the bed in both of these cases, the sediment mixture undoubtedly became more mixed in criteria: sediment within the range 2 Ͻ w/u * Ͻ 6 was considered to be bed load, sediment within the range size and transport mode. For the case in Exp. 2 for the lower input sediment rates (0.8 and 0.9 g s Ϫ1 ), the effect 0.6 Ͻ w/u * Ͻ 2 was considered to be saltating load, and sediment within the range w/u * Ͻ 0.6 was considered to of the input sediment was apparently quickly superceded by the effect of the sediment detached from the be suspended load. Table 4 shows the mode of transport calculated acbed. In this case, the behavior of the system was not noticeably different between the case of the fine vs. the cording the Raudkivi's criteria (1990) for the different rates of input of sediment for Exp. 1. The predominant ports the hypothesis that a reduction in turbulence asso
